Neural stem cells (NSCs) reside in specialized niches in the adult mammalian brain. The ventricular-subventricular zone (V-SVZ), adjacent to the lateral ventricles, gives rise to olfactory bulb (OB) neurons, and some astrocytes and oligodendrocytes throughout life. In vitro assays have been widely used to retrospectively identify NSCs. However, cells that behave as stem cells in vitro do not reflect the identity, diversity, and behavior of NSCs in vivo. Novel tools including fluorescence activated cell sorting, lineage-tracing, and clonal analysis have uncovered multiple layers of adult V-SVZ NSC heterogeneity, including proliferation state and regional identity. In light of these findings, we reexamine the concept of adult NSCs, considering heterogeneity as a key parameter for analyzing their dynamics in vivo. V-SVZ NSCs form a mosaic of quiescent (qNSCs) and activated cells (aNSCs) that reside in regionally distinct microdomains, reflecting their regional embryonic origins, and give rise to specific subtypes of OB interneurons. Prospective purification and transcriptome analysis of qNSCs and aNSCs has illuminated their molecular and functional properties. qNSCs are slowly dividing, have slow kinetics of neurogenesis in vivo, can be recruited to regenerate the V-SVZ, and only rarely give rise to in vitro colonies. aNSCs are highly proliferative, undergo rapid clonal expansion of the neurogenic lineage in vivo, and readily form in vitro colonies. Key open questions remain about stem cell dynamics in vivo and the lineage relationship between qNSCs and aNSCs under homeostasis and regeneration, as well as context-dependent plasticity of regionally distinct adult NSCs under different external stimuli.
INTRODUCTION
A dult tissues contain a small number of cells that retain unique developmental properties, called adult stem cells. Adult stem cells undergo selfrenewal and have the ability to differentiate into a variety of postmitotic cells, thereby playing a central role in tissue maintenance under homeostasis and in response to injury. Dissecting the precise identity of adult stem cells is a prerequisite to understand their behavior and function in vivo. Importantly, adult stem cells do not constitute a homogeneous population. Rather they comprise a mosaic of individual cells that differ in their proliferation state, as well as in their responses to physiological inputs. Indeed, deeply quiescent and actively dividing stem cells coexist in many adult organs, regardless of somatic cell turnover rate. 1 Quiescence is an actively maintained state that is thought to be important for longterm stem cell self-renewal, somatic cell replacement, and DNA integrity. 2 A major focus of ongoing research is delineating whether quiescent and activated stem cells are different pools, with quiescent stem cells being a reserve population recruited upon need, or whether they are lineally related and reflect two states of the same cells. In either case, it is important to know if individual quiescent stem cells are capable of long-term self-renewal in vivo, and how they contribute to population self-renewal under homeostasis and regeneration. Interestingly, adult stem cells often present diverse differentiation patterns, with distinct subpopulations giving rise to specific progeny under homeostasis. Whether this heterogeneity is fixed due to intrinsic fate commitment or whether it is dynamically responsive to external changes in the stem cell microenvironment, is still unknown in many systems. These challenging questions likewise apply to the mammalian brain, which also harbors quiescent and activated stem cells.
In the adult vertebrate brain, neural stem cells (NSCs) generate neurons throughout the lifespan. Intriguingly, adult NSCs across phylogeny exhibit hallmark features of glial cells, 3, 4 although individual species differ in the levels of neurogenesis and brain areas to which new neurons are added. 5 In the adult mammalian brain, stem cells reside in two main germinal regions: the subgranular zone (SGZ) of the dentate gyrus in the hippocampus, and the ventricular-subventricular zone (V-SVZ) adjacent to the lateral ventricles. 6 In this review, we focus primarily on the adult V-SVZ niche, which gives rise to astrocytes, oligodendrocytes, and olfactory bulb (OB) interneurons throughout life. 7 While historically NSCs have largely been studied in vitro as neurosphere-forming cells, 8 recent advances in new tools and technologies, including fluorescence activated cell sorting (FACS) purification and lineage tracing in vivo, now allow the behavior of prospectively defined cells to be illuminated. We outline and integrate recent findings along two principal dimensions of adult NSC heterogeneity, proliferation dynamics and regional identity, and their implications for understanding stem cell behavior and function in vivo. We then address the context-dependent plasticity exhibited by adult NSCs under different physiological states, especially injury.
V-SVZ STEM CELL LINEAGE
The V-SVZ is a thin layer of dividing cells located along the walls of the lateral ventricles (Figure 1 (a) and (b)), and is the largest germinal region in the adult rodent brain. V-SVZ stem cells and their progeny are found between multiciliated ependymal cells, which are arranged as pinwheels along the ventricular surface, and a planar vascular plexus at the interface with the striatum [9] [10] [11] (Figure 1(c) ). V-SVZ stem cells predominantly give rise to OB neurons, but also give rise to small numbers of glia.
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More than 15 years ago, V-SVZ stem cells were shown to be Type B cells, which exhibit features of astrocytes at both the ultrastructural and molecular level, including expression of the markers glial fibrillary acidic protein (GFAP) and glutamate aspartate transporter (GLAST). 17, 18 They have a radial morphology and contact the cerebrospinal fluid (CSF) at the center of ependymal cell pinwheels via a small apical process that exhibits a primary cilium. On their basal side, they extend a long process that frequently terminates on the vascular plexus. 9 Type B cells act as stem cells under both homeostasis and during regeneration, and can give rise to multipotent self-renewing neurospheres in vitro. 18 In vivo, quiescent stem cells become activated and give rise to neuroblasts (Type A cells) via rapidly dividing transit amplifying cells (TACs) (Type C cells) (Figure 1(c) ). The neuroblasts then migrate to the OB, where they differentiate into different types of OB interneurons. Importantly, Type B cells also give rise to oligodendrocytes and astrocytes, 12-16 but whether neurons and glia arise from distinct stem cell lineages in vivo is still unknown.
The identification of V-SVZ NSCs as GFAP + Type B cells raises important questions about how they differ from other brain astrocytes, and how heterogeneous this population is. In early studies, two types of Type B cells were described at the ultrastructural level. Type B1 cells have a light cytoplasm, contact the ventricle, and are largely quiescent. In contrast, Type B2 cells have a darker cytoplasm, are located closer to blood vessels, and incorporate [3H]-thymidine. 19 At the morphological level, several different types of astrocytes are found in the V-SVZ. 9, [19] [20] [21] Those with a characteristic branched morphology are considered 'niche' astrocytes, as opposed to those with a radial shape, which can divide. Antimitotic drug infusion demonstrated that a subset of Type B cells lacking epidermal growth factor receptor (EGFR) is quiescent, survives the treatment, and completely regenerates the V-SVZ. 18, 22 In contrast, activated stem cells express EGFR, are actively dividing, and are eliminated by antimitotic treatment. 22 Thus, astrocytes in the V-SVZ exhibit heterogeneity at the morphological, functional, and molecular levels. Identifying additional markers that resolve this heterogeneity is an ongoing and essential effort to reveal novel NSC subpopulations and understand their functional properties in vivo. As new NSC subpopulations are identified, it will be key to define their regional distribution, and how they map onto previously described ultrastructurally and morphologically distinct subtypes.
QUIESCENT AND ACTIVATED ADULT NSCs Prospective Purification of Quiescent and Activated Adult NSCs
Adult NSCs share many features of brain astrocytes, including expression of glial markers. To distinguish NSCs from 'niche' astrocytes, and to discriminate between quiescent and activated NSCs, it is essential to combine multiple markers to allow their purification directly from their in vivo niche using FACS. Adult NSCs can be separated from brain astrocytes by using CD133 (prominin) in hGFAP::GFP mice, 23 but this strategy does not distinguish between quiescent and activated NSCs (Table 1) .
Multiple combinations of markers have recently been used to prospectively purify quiescent NSCs (qNSCs) from the adult V-SVZ, and elucidate their functional properties, as well as gene expression profiles, as compared to actively dividing (activated, aNSCs) stem cells (Figure 2(a) ). While all strategies use EGFR to distinguish aNSCs from qNSCs, they employ different markers or transgenic mice to prospectively identify the stem cell population, including hGFAP::GFP, CD133, GLAST, Hes5::GFP or LeX (Figure 2(a) ). 21, [24] [25] [26] [27] Although it is still unclear precisely how overlapping the purified qNSC populations are, they do exhibit common functional properties. qNSCs are slowly dividing based on cell cycle analysis, survive antimitotic treatment, and can regenerate the lineage after depletion of actively dividing stem cells and TACs. 21, [25] [26] [27] Transplantation of purified qNSCs revealed that they have slower kinetics of neuron formation than aNSCs. 21 Interestingly, qNSCs do not express Nestin, but upregulate EGFR and Nestin upon activation. 21 Importantly, qNSCs only extremely rarely form neurospheres, or give rise to adherent colonies, 21, 25, 27 highlighting that these While ependymal cells have also been proposed to be quiescent stem cells, which can become activated upon injury, 28, 29, 32, 33 the markers that were used were not ependymal specific. For instance, CD133 alone 28, 29 cannot be used to purify ependymal cells and perform lineage tracing. Indeed, several reports have clearly shown that CD133 is also expressed by qNSCs and aNSCs 9, 21, 23, 30 (Figure 2 (b) and (c)), making interpretation of these studies difficult.
A 'primitive' population of dormant stem cells has also been proposed to lie upstream of GFAP + qNSCs, 31 which is resistant to ganciclovir treatment in Gfap-Tk mice and forms neurospheres in response to LIF, but not with EGF and FGF (Figure 2(a) ). It will be important to determine if these cells are a subpopulation of previously identified qNSCs, which are very slowly dividing and also do not form neurospheres with EGF and FGF (Figure 2(a) ), or correspond to a completely separate pool.
Transcriptome Analysis Reveals Molecular Differences Between qNSCs and aNSCs
The ability to FACS-purify qNSCs and aNSCs has allowed their gene expression profiles to be defined for the first time at both the population and single cell level, and has yielded novel insights into the molecular mechanisms underlying stem cell quiescence and activation. 21, 30 Both single cell and population transcriptome analyses of qNSCs highlight that they dynamically integrate signals from the microenvironment, and actively maintain the quiescent state. qNSCs are enriched in gene categories of cell-cell adhesion, extracellular-matrix-response and anchorage-dependent niche signals, as well as cell communication, signaling receptors, transmembrane transporters, and ion channels ( Figure 3 ). In contrast, the aNSC transcriptome is highly enriched in cell cycle and DNA repair related gene categories. Interestingly, qNSCs and aNSCs differ in their energy metabolism, with glycolysis and fatty acid gene sets upregulated in qNSCs, and oxidative phosphorylation enriched in aNSCs. Reflecting their more active state, aNSCs have higher rates of protein synthesis than qNSCs. 30 Single cell profiling of GLAST + CD133 + V-SVZ NSCs has provided further insight into adult NSC heterogeneity within the qNSC and aNSC populations, as well as into the qNSC-aNSC lineage transition ( Figure 3 ). Within the quiescent pool, two states were identified: dormant (q1) and primed qNSCs (q2) 30 (Figures 2(c) and 3). Cells in the primed state have slightly higher ribosomal activity and lower glial marker expression than dormant stem cells, but still lack cell cycle markers. Injury results in an increased proportion of primed NSCs. Interestingly, single cell analysis of SGZ stem cells revealed a similar pattern of deeply quiescent, primed and actively dividing NSCs. 34 Although bioinformatic analysis suggests that qNSC activation follows a linear trajectory, it will be important to functionally test whether dormant, primed and activated stem cells are lineally related or whether they correspond to distinct NSC subpopulations, that are differentially recruited and respond to specific external stimuli.
Tracking the in vivo Dynamics of Adult NSCs over Time
A key step in defining adult NSC behavior in vivo is to determine their proliferation and lineage dynamics under homeostasis or regeneration, including their longterm neurogenic or gliogenic potential, and whether they persist or become exhausted over time.
Lineage-tracing in the adult V-SVZ has been performed using a variety of different inducible Cre drivers, such as Gfap, 25 Glast, 25, 35 (Table 2) .
12-16 However, whether NSCs are tripotent in vivo, or whether there are separate neurogenic and gliogenic stem cells or progenitors remains unclear. Importantly, the different Cre drivers used for lineage tracing are largely not specific to stem cells, and are either also expressed by cells later in the lineage or by cells in the surrounding niche (Table 1) . Moreover, they do not allow the selective targeting of qNSCs and aNSCs in vivo to elucidate their respective long-term behavior under different physiological conditions. To date, most lineage analyses have been characterized after 1 month, with 3-month time points considered long-term neurogenic 23, 25, 26, 40, 43, 44 ( Table 2) . Although occasional studies have performed analysis at 6 or 13-15 months chase 16, [36] [37] [38] [39] 42 (Table 2) , detailed characterization of NSC long-term behavior is still largely lacking.
Despite these current limitations, important insights into adult NSC lineage dynamics in vivo have been gained from population-based fate mapping. For the purposes of this review, we define analyses performed at one month as short-term lineage tracing, and long term neurogenic activity as the presence of newly generated neuroblasts in the V-SVZ and RMS, or increasing numbers of neurons in the OB two months or more after Cre induction.
Based on these criteria, Hes5, Gfap, Gli1, and Glast lineages have long-term neurogenic potential, while Dlx1, Ascl1, and Sox1 lineages are mainly shortterm (Table 2 ). In addition to single marker based lineage-tracing, intersectional fate-mapping using viral split-Cre complementation demonstrated that GFAP + CD133 + V-SVZ cells sustain neurogenesis for 3 months, 23 although this approach does not discriminate between qNSCs and aNSCs. To date, the only way to selectively target qNSCs is to perform lineage tracing during regeneration. This has revealed that initially labeled Glast 16, 20, 25, 26, 45 Recent studies have suggested that qNSCs that are recruited during regeneration are set aside between embryonic day 12.5 and 15.5. 46 Moreover, these cells largely remain quiescent until they become activated in the adult. 16, 47 However, whether the quiescent pool recruited during regeneration in the adult is the same as the quiescent pool under homeostasis is still unknown.
Another key question is whether individual adult NSCs undergo self-renewal throughout life shuttling between quiescent and activated states as they can in vitro, 21, 48 or whether they become exhausted after a few rounds of generating progeny in vivo. Clonal analysis allows dissecting the behavior of single NSCs and their progeny, thereby revealing their self-renewal capacity or exhaustion over time. Two recent clonal studies, using either GlastCreERT2; Confetti reporter mice or embryonic retroviral library bar-coding, suggest that there is no systematic self-renewal of NSCs throughout life. 35, 47 Instead, individual stem cells become activated, and transiently sustain fast clonal expansion of the neurogenic lineage. 35 In both studies, many clones contained only olfactory-bulb neurons at late time points, but some clones were detected that contained both neurons and a radial stem cell in the V-SVZ. Although rare, these events provide evidence that at least some adult NSCs may undergo self-renewal and revert back to a quiescent state.
REGIONAL HETEROGENEITY IN THE V-SVZ
Regional heterogeneity is emerging as a key component in adult V-SVZ stem cell identity and behavior, and is a function of both embryonic origin and niche patterning. While it has long been known that V-SVZ stem cells generate both granule and periglomerular OB interneurons, fate-mapping experiments are revealing 21 Sachewsky et al. 31 Daynac et al. 27 LeX + EGHR + CD24 -Daynac et al. 27 Mich et al. 25 GLAST low PlexinB2 + EGFR + CD24 -Mich et al. 25 Khatri et the remarkable diversity of olfactory interneuron subtypes that are generated in the adult. Viral lineage tracing targeting different rostro-caudal or dorso-ventral areas of the postnatal and adult V-SVZ, and Cre-lox fate mapping, reveal that the V-SVZ comprises a mosaic of stem cells that occupy different domains, many of which correlate with the regional expression of specific transcription factors (TFs).
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The above findings raise the important question of how and when adult NSCs acquire their regional identity. Interestingly, postnatal NSCs become regionally specified as early as embryonic day E15.5. 47 The different regions of the adult V-SVZ arise from discrete germinal areas in the embryo. Cre-loxP fate-mapping of cells in the embryo based on regional expression of TFs has shown that the pallium, lateral/medial ganglionic eminences, and septum give rise to the dorsal, lateral and medial walls of the adult V-SVZ, respectively (Figure 4(a) ). 52 Moreover, regional expression of some TFs in the embryo is conserved in the postnatal and adult V-SVZ (Figure 4(a) and (b) ). A major difference in the adult is the thickness of the V-SVZ, which decreases dramatically, especially the dorsal region, as compared to the embryonic and postnatal brain (Figure 4(a) ). 52 Fate mapping in the adult V-SVZ, using CreERT2-loxP lines, viral targeting or loss of function mutants, has revealed that NSCs located in different TF domains generate specific subtypes of morphologically and molecularly distinct granule neurons (GNs), and periglomerular neurons (PGNs) (Figure 4(b) and  (c) ). [53] [54] [55] [56] [57] These interneuron subtypes integrate into distinct layers of the OB and interact with different components of the circuitry, thereby potentially differentially modulating olfactory information processing. Superficial GNs predominantly arise from NSCs in the dorsal aspect of the lateral wall of the V-SVZ, whereas deep GNs arise from NSCs in the ventral portion. The dorsal and ventral portions of the lateral wall largely correlate with the broad expression of Gsx2 and Gli1, respectively, and give rise to both GNs and PGNs (Figure 4 (b) and (c)). Nested within these larger domains, fine microdomains have been identified ventrally, in which NSCs produce small populations of novel OB interneuron subtypes, including Type 1-4 neurons (Figure 4(c) ) that populate different OB layers. Type 1 neurons are located in the granule cell layer, and are smaller and more ramified than typical new-born GNs. Type 2 and 3 cells integrate into the mitral cell layer, and Type 4 cells into the external plexiform layer (Figure 4(c) ). The Nkx6.2 microdomain gives rise to Type 1-4 interneurons (Figure 4 (b) and (c)), whereas the Zic microdomain only generates Type 1 and 3 neurons. 55 Importantly, the Nkx2.1 domain is not a source of Type 1-4 neurons, but specifically gives rise to deep GN and some PGN, highlighting the fine regional specification of neuron subtypes. Dorsally, adult NSCs derived from the embryonic Emx1-expressing domain (Figure 4(a) ), give rise to both superficial GN and PGN (Figure 4 (b) and (c)). 57 In contrast, PAX6 and SP8 domains (Figure 4(b) ), predominantly generate PGN subtypes. 53, 56, 58 Finally, some glutamatergic juxtaglomerular interneurons are formed by dorsal Tbr2-and Neurog2-expressing progenitors 59 ( Figure 4 (b) and (c)). How these different TF domains result in the specification of heterogeneous OB neuron subtypes, as well as their significance for olfactory function, still need to be elucidated.
In addition to their neurogenic activity, adult NSCs also produce oligodendrocytes and astrocytes under normal conditions (Figure 6(a) ). In vitro time-lapse imaging revealed that some stem cells or progenitors are committed to oligodendrocyte or neuronal lineages. 15 In vivo, the precise identity of stem cells generating oligodendrocytes and astrocytes is still unknown, but gliogenic activity is Similarly, adult-born astrocytes are mainly found in the CC and rostral migratory stream, likely also originating from dorsal NSC subpopulations. Although NSC regional identity appears largely intrinsically defined, it can be redirected by ectopic activation of regionally expressed signaling pathways. Indeed, overexpression of SHH signaling pathways dorsally induces dorsal NSCs to generate ventral neuron subtypes. 71 Thus, NSCs can exhibit plasticity in their output, raising the important question of how niche signals regulate NSC behavior.
EXTRINSIC NICHE SIGNALS ARE KEY REGULATORS OF NSC BEHAVIOR
Adult NSCs span different compartments of the stem cell niche and respond dynamically to external signals ( Figure 5 ). On their apical side, NSCs are bathed by the CSF, which flows continuously through the ventricular system. 72 On their basal side, NSCs contact the vasculature at specialized sites that lack astrocyte end-feet. 10 They therefore have unique access to contact-mediated, diffusible, and systemic signals. 10, [73] [74] [75] [76] [77] Cell-cell contact between adult NSCs and endothelial cells, or with ependymal cells, promote quiescence, highlighting the importance of anchorage for qNSCs. [77] [78] [79] [80] Cell-cell communication between NSCs and other niche cells, such as resident V-SVZ microglia or ependymal cells, also influence stem cell activation and quiescence. 81, 82 Adult NSCs receive feedback signals from cells at later stages in the lineage. aNSCs and TACs send pro-dormancy signals to qNSCs via the DLL1 Notch ligand, as well as EGFR, thereby controlling stem cell depletion over time. 83, 84 In addition, neuroblasts secrete nonsynaptic GABA that binds to GABA A R expressed by B1 cells, and inhibits their proliferation. [85] [86] [87] Interestingly, GABA signaling also promotes quiescence in the adult dentate gyrus, suggesting that neuronal activity in the vicinity of NSC niches modulates proliferation behavior. 88 Indeed, activity from local cholinergic neurons residing in the niche, 89 as well as long-distance neurotransmitter signals affect cell proliferation in the adult V-SVZ. [90] [91] [92] [93] These findings highlight the importance of both local and long-distance signals in modulating V-SVZ neurogenesis.
A key open question is how local and longrange niche components dynamically change in response to external stimuli, and whether these changes impact distinct pools of stem cells. The lateral ventricle choroid plexus (LVCP), which is Overview wires.wiley.com/devbio located in close proximity to the V-SVZ, is important for brain homeostasis and produces bulk CSF. It also is a key niche compartment that dynamically modulates its secretome to differentially affect multiple V-SVZ populations and may act as a sensor of different physiological states. 94 Interestingly, FACS-purified qNSCs, aNSCs, and TACs exposed only to LVCP secreted factors give rise to more complex cultures, including oligodendrocyte production, than with EGF. Moreover, more individual qNSCs and aNSCs are recruited, suggesting that the diverse repertoire of LVCP-secreted factors may support different pools of stem cells. 94 Importantly, while adult NSCs have a regional identity, 
ADULT NSCs EXHIBIT PLASTICITY IN RESPONSE TO INJURY
The actual potential of adult NSCs for mammalian brain repair is still largely unknown. Intriguingly, GFAP + stem cells are also present in the adult human V-SVZ. 95, 96 In contrast to hippocampal neurogenesis, 97 OB neurogenesis declines in infancy in humans. 98 However, although largely dormant, human V-SVZ NSCs can be recruited to divide upon injury. 99 As such, defining the molecular regulators of stem cell quiescence and activation in other vertebrate brains may yield important insight into how to stimulate human adult V-SVZ NSCs for brain repair.
The zebrafish model has provided insight into adult NSC behavior as live-imaging can be performed in vivo. 100, 101 While quiescent radial glia in the zebrafish Pallium (V-SVZ equivalent) are able to activate after injury, 3 radial glial subpopulations exhibit differential sensitivity to the type of stimulus and do not equally reenter cell cycle, 3 suggesting that distinct qNSCs are recruited on demand. Interestingly, stimulus-specific subpopulations of qNSCs have also been identified in the adult mammalian hippocampus, 102 suggesting parallels between injury responses in the fish and mammalian brain. Radial glia in zebrafish can migrate long distances to lesioned areas, and neuronal subtypes generated under injury can differ from those produced constitutively. 3 Similarly, migration of some neural progenitors to tumor/inflammatory sites has been observed in the adult mouse brain. 103, 104 Stroke/ischemia models have been widely used to probe responses of V-SVZ cells to injury and their capacity to regenerate other brain areas. Stroke elicits major changes in V-SVZ proliferation and NSC differentiation fate, although it is unknown whether the stem cells recruited under injury originate from specific qNSC reserve pools, or whether all adult NSCs can switch fate upon need. To date, after stroke, three responses of V-SVZ cells have been described (Figure 6(b) ). First, neuroblasts can be redirected to the site of injury and generate appropriate neuronal subtypes. 60, 61 Second, stroke can induce a gliogenic response, with the production of V-SVZ-derived THBS4 high astrocytes, 62 or oligodendrocyte progenitors migrating to the site of injury 63 ( Figure 6(b) ). Finally, NSCs themselves can migrate from the V-SVZ to the injury site, where they give rise to reactive astrocytes that have the potential to be reprogrammed toward a neurogenic fate. 64 Upon demyelination injury in the corpus callosum, V-SVZ stem cells produce oligodendrocyte progenitors, which migrate to the injury site and form myelinating oligodendrocytes (Figure 6  (c)) . 12, 14, 65, 66 Many of these oligodendrocyte progenitors derive from V-SVZ Gli1 + cells. 67 It will be important to define whether this oligodendrocyte production is a result of phenotypic plasticity in normally neurogenic Gli1 + NSCs and/or whether oligodendrocyte committed stem cells are recruited by the injury. 67 With the ability to now distinguish qNSCs and aNSCs using FACS, how qNSCs respond to injury and contribute to regeneration is beginning to be examined. After gamma-irradiation, which kills actively dividing cells and generates a hostile niche environment, qNSCs exit G0 via GABA A R and TGF-β dependent mechanisms, 27, 68 and replenish the V-SVZ. Similarly, after ischemia, single cell analysis revealed a shift from dormant (q1) to primed (q2) NSCs that is dependent on interferon gamma signaling 30 ( Figure 6(d) ). The primed q2 state is similar to the reversible G Alert state homeostasis, and whether different injuries trigger recruitment of different pools of stem cells through specific signaling pathways (Figure 6(d) ).
Postmitotic ependymal cells have also been proposed to retain neurogenic potential, and become activated in response to injury. 28, 29, 33 These studies used CD133 or cilia-related proteins (such as FoxJ1) as unique lineage markers, although it is now wellacknowledged that a large proportion of adult NSCs possess a single cilium and express CD133 9, 21, 23, 30 ( Figure 2(b) ). Thus, there is no clear evidence yet that ependymal cells are a reserve population of stem cells.
REGULATION OF NSC BEHAVIOR DURING AGING: IMPLICATIONS FOR POPULATION HETEROGENEITY
Olfactory bulb (OB) neurogenesis and proliferation in the V-SVZ decline dramatically with aging, due to both intrinsic and extrinsic changes. 106, 107 Both the number of qNSCs and aNSCs, as well as the architecture of the niche are altered with aging. 108 However, it is unclear how stem cell heterogeneity changes in the aging brain, and whether biases occur in specific NSC pools due to clonal cell competition. 109 To date, very few aging studies have taken the existence of qNSCs and aNSCs, or their regional diversity, into account. While some findings indicate that aging may hasten the transition from quiescence to activation under control of longevityrelated genes, [110] [111] [112] others show that the number of aNSCs decreases over age and that remaining stem cells enter a deeply dormant state 26 ( Figure 7 ). This state can be terminal, as it has been proposed in the aging muscle, where senescent satellite cells switch from reversible quiescence to irreversible senescence. 113 The specific intrinsic and/or extrinsic mechanisms underlying stem cell aging are just beginning to be elucidated in many adult stem cell niches. [114] [115] [116] During aging, stem cells undergo intrinsic changes at the genetic and epigenetic level that alter their behavior, including cell cycle kinetics, segregation of cellular components and mode of cell division. In the adult brain, aNSCs undergo a progressive lengthening of G1 phase that already starts at 6 months of age. 117 In addition, during stem cell division, cellular components and damaged proteins are asymmetrically segregated between mother and daughter cell, through a lateral diffusion barrier of the ER membrane in hippocampal NSCs, 118 which becomes disrupted with aging. Conversely, extrinsic signals in the aging brain milieu also play an important role. 94, [119] [120] [121] The V-SVZ has specialized access to signals in the circulation. 10 Systemic factors in the blood can influence NSC behavior. Heterochronic parabiosis models, in which young and old animals are surgically conjoined and share the same blood circulation, show that circulating factors from the young animal can rejuvenate adult neurogenesis in the aged mouse, as well as enhance oligodendrocyte differentiation and remyelination capacity in the context of injury. 121, 122 The LVCP is another niche compartment that undergoes aging-related changes, with aNSCs being especially sensitive to alterations in the LVCP secretome (LVCPsec). 94 Heterochronic exposure of FACSpurified aNSCs to old versus young LVCPsec shows that stem cell recruitment, proliferation state and differentiation are highly dependent on LVCP-borne signals. 94 Together with heterochronic transplantation experiments, 120 these findings reveal that extrinsic niche signals are key modulators of stem cell function. Whether regionally distinct pools of NSCs are equally sensitive to aging in terms of recruitment, Overview wires.wiley.com/devbio proliferation, and neurogenic and gliogenic potency is still unknown (Figure 7 ).
CONCLUSION
Stem cell heterogeneity is an increasingly appreciated parameter that needs to be considered to fully understand adult NSC biology, and eventually to harness their potential in vivo. While NSCs exhibit pronounced regional heterogeneity inherited from their embryonic origins, supporting a deterministic model of NSC identity, they also exhibit striking context-dependent plasticity. Future work will provide insight into how NSC heterogeneity in the V-SVZ may affect cell competition within the niche, and whether such heterogeneity may be a form of population plasticity that allows adaptation to different environmental changes. Time is another key dimension of adult NSC heterogeneity, in addition to proliferation dynamics and regional identity. First, within individual NSC populations, mRNA levels oscillate over short time scales, 123 which can affect single cell gene expression analysis. Second, at the population level, the generation of distinct subtypes of OB interneurons is highly orchestrated over embryonic and adult periods. 124 Third, both embryonic neural progenitors and adult NSCs may undergo changes in chromatin structure that make them differentially sensitive to external cues within specific time windows. 125 This raises the exciting possibility that NSCs keep an epigenetic imprint of their own cell history, which may be reversible or irreversible. Along the same line, imprinted genes play a key role in the regulation of adult neurogenesis, highlighting epigenetics as an additional layer of NSC heterogeneity, as are noncoding RNAs. [126] [127] [128] In the future, unraveling the multiple layers of adult NSC heterogeneity and its functional consequences will have important ramifications for understanding normal brain function, plasticity and repair. 
